One sentence summary: The fractions of soil organic matter can be used to assess the distribution of carbon between deadwood and soil.
INTRODUCTION
Soil organic matter (SOM) consists of three basic parts: plant debris, soil organisms decomposing organic matter and stable organic matter (humus). The SOM determines the physical, chemical and biological properties of soil, including soil aggregation, ion exchange and nutrient circulation (Osman 2013; Błońska et al. 2017a) . Moreover, SOM contains approximately 1550 Pg of carbon (C), which constitutes three times the amount of the resources of this element in the atmosphere or in terrestrial vegetation (Lal 2004) . Forests fulfil a significant role in the formation of C resources (Fekete et al. 2017) . Indeed, it is estimated that C stock in forests amounts to about 861 ± 66 Pg C, of which amount 383 ± 30 Pg C (44%) is stored in the soil, while 73 has a stronger impact on soil. Wood at the highest decomposition stage releases more ions to the surface soil horizons than wood at a lower decay class (Lasota et al. 2017) . Kuehne et al. (2008) have found that dissolved organic carbon (DOC) concentration in runoff from Fagus logs increases with the decomposition stage of deadwood.
Mechanisms responsible for the C stabilisation in soil have gained a significant amount of interest recently due to their relevance in understanding the global C cycle (Sollins, Homann and Caldwell 1996; Lützov et al. 2006) . One proposed method to reduce atmospheric CO 2 is to increase the global supplies of C in soils. The main way in which C is stored in the soil is as SOM which is heterogeneous and consists of different turnover rates (Lützov et al. 2006) . The labile fraction, due to its low density (< 1.7 g cm −3 ), is also called free light fraction (Tefs and Gleixner 2012) . Mineral soil light fraction, however, may become stabilised through the occlusion that occurs inside aggregates (so-called occluded light fraction) (Lützov et al. 2006) . The stabilised fraction of SOM, also known as heavy fraction, is considered mineral-associated fraction, i.e. it sticks to the surface of clay and silt particles (Grüneberg et al. 2013) or amorphous substances (Al and Fe hydroxides) (Saidy et al. 2012) . The labile C pool can remain in the ground from a week to several years, and the recalcitrant C pool can stay for decades or even centuries. Microorganisms are the primary agents of decomposition. Fungi are considered the major contributors due to their ability to produce specific enzymes and the possibility to access new substrates through hyphae (Bani et al. 2018) . Soil enzymes produced by microbes play a key role in the biochemical functions of organic matter decomposition. Degradation of SOM and the release of carbon (C), nitrogen (N), phosphorous (P) and other macro-and microelements is controlled by SOM quality (Shahbaz et al. 2017) . Measurements of the activity of extracellular enzymes involved in the circulation of nutrients originating from organic compounds provide information about the biogeochemical cycles that occur in soil (Waldrop, Balser and Firestone 2000; Yavitt, Wright and Wieder 2004) . Enzymes are the fundamental mechanisms that enable microorganisms to decompose organic matter, and thus may provide information on the status of nutrients (Sinsabaugh et al. 2008) . According to Baldrian et al. (2016) , N content, which hastens the decay process, may be the most important driver of fungal biomass content, community composition and enzyme activity.
The aims of this work include demonstrating the changes to the chemical and biochemical properties of wood during decomposition, especially enzymatic activity. We examined the effect of decomposing deadwood on SOM stabilisation. We tested the following hypotheses: (i) Biological activity, especially enzymatic activity, is stimulated under highly decayed deadwood; (ii) The effect of decomposing wood is visible in SOM fractions. Moreover, the light fraction of SOM is more sensitive to deadwood effects than the heavy fraction; (iii) The deadwood of broadleaf species has a positive impact on enzyme activity, and it stabilises SOM.
MATERIALS AND METHODS

Study site and experimental design
The investigation was carried out in Czarna Rózga Reserve in Central Poland. The study area is characterised by the following conditions of climate: the average annual rainfall is 649 mm, the average annual temperatures amount to 7.4
• C and the length of the vegetation season lasts 200-210 days. Sample plots were located in the reserve with a predominance of fluvioglacial sand and loam with Gleysols, Cambisols and Podzols (WRB 2014). Logs of Common hornbeam (Carpinus betulus), Common alder (Alnus glutinosa), Common aspen (Populus tremula) and Silver fir (Abies alba) at different decomposition stages (III, IV and V) were selected for the analysis. The decay classes (DC) of logs were estimated according to the classification of dead trees in Maser et al. (1979) which was used in the previous study (Błońska et al. 2017a; Lasota et al. 2017) . The logs in the first and second stages of decay, without clear signs of decomposition processes were not included in this study as they were shown to have no or only weak effect on soil properties (Ganjegunte et al. 2004; Petrillo et al. 2015) . Three replicate logs were sampled for each combination of decay class and species. A total of 40 circular research plots of 0.1 ha were established at the area of the reserve. The plots were located in a regular grid of points (100 × 300 m). Deadwood was inventoried on each research plot. We selected logs with diameter between 25 and 35 cm to ensure direct comparability of observations. Wood samples measuring 7 × 7 × 7 cm for laboratory analysis were taken from the midpoint of each log. The soil samples were collected directly under the log, the soil was sampled from 0 to 10 cm depth using a small spade. Additionally soil samples (background) were taken 1 m from logs from 0 to 10 cm depth. In total 72 soil and 36 deadwood samples were collected in the field in August 2017.
Laboratory analysis
Soil and deadwood samples obtained in the field were dried and sieved through 2.0-mm mesh. In soils and deadwood samples, the basic properties were determined. Using the potentiometric method, the pH of the samples was analysed in H 2 O and KCl. Carbon (C) and nitrogen (N) contents were measured with an elemental analyser (LECO CNS TrueMac Analyzer) (Leco, St. Joseph, MI, USA). Base cations (BC = Ca 2+ , Mg 2+ , K + , Na + ) were determined by inductively coupled plasma-optical emission spectrometry (ICP-OES) (iCAP 6500 DUO, Thermo Fisher Scientific, Cambridge, UK). The spectrophotometric analysis of lignin content was carried out according to method described in the literature (Rodrigues, Faix and Pereira 1999; Antczak et al. 2013) . Physical separation of SOM fractions was performed. We employed a method described by Sohi et al. (2001) . The fresh samples of soil and deadwood of natural moisture were sieved through a sieve (ø 2mm) and stored at 4
• C before analysis. Activity of dehydrogenases (DH) was marked with Lenhard's method according to the Casida procedure (Alef and Nannipieri 1995) . β-glucosidase activity was determined with Eivazi and Tabatabai (1988) method. Urease activity (UR) was determined according to Tabatabai and Bremner (1972) . To determine microbial biomass carbon (MBC) and nitrogen (MBN), 5 g of soil and deadwood was weighed and fumigated with CHCl 3 in an exsiccator for 24 h at 25 • C. Fumigated and non-fumigated samples were extracted with 0.5 M K 2 SO 4 and then filtered with the Whatman filters (Vance, Brookes and Jenkinson 1987) . The amount of organic C and N in soil and deadwood was determined quantitatively (Jenkinson and Powlson 1976) . In order to determine respiration, field moist samples were weighed in 50 g amount and placed in 1 L plastic jars (Alef and Nannipieri 1995) . Production of CO 2 was estimated using NaOH traps. A total of 50 mL polyethylene containers filled with 30 mL of 1.0 M NaOH were placed in the 1 L jars on the soil surface. The jars were tightly sealed for one week. Released CO 2 reacted with NaOH. Two portions of 5 mL of NaOH were titrated with 0.5 M HCl (automatic titrator, Mettler Toledo, Inc.) to pH 8.3 and to pH 3.7, respectively.
Titration to pH 8.3 neutralised excess NaOH. From 8.3 to 3.7 was titrated Na 2 CO 3 .
Statistical analysis
Kruskal-Wallis and U Mann-Whitney tests were used to evaluate differences between mean values of soil and deadwood properties of different species, decomposition stages and distance from logs. General linear model (GLM) was used to investigate the effect of the species, DC and distance on soil properties. On the basis of Ward's method, agglomeration of the soils samples into groups differing in the measured parameters was conducted. Enzyme activity and C of SOM fractions were used in agglomeration of the soil samples. Principal component analysis (PCA) method was used to evaluate the relationships between soil and deadwood properties. Differences with P < 0.05 were considered statistically significant. All analyses were performed in Statistica 12 software (StatSoft 2012).
RESULTS
Deadwood properties in different decay classes
The findings demonstrate an increase in N with a concomitant increase in lignin content (P < 0.05) in the subsequent DC. Moreover, the growing tendency for the content of base cations was noted. The percentage of C in decaying wood of all species was within a similar range (Table 1) . DH activity was lowest in III DC wood and increased in the subsequent DC (IV and V DC) ( Table 2 ). The tendency toward an increase in the mean values of MBC was found for III DC wood (for alder and aspen) or IV DC wood in fir and hornbeam. Moreover, MBN in the wood of the tested species exhibited a tendency for growth in IV DC compared with wood at lower DC. Fir and aspen wood in the highest decay class, however, exhibited a decrease in MBN. In the case of hornbeam and aspen wood, V decay class was characterised by the highest MBN values ( Table 2 ). The highest respiration level was recorded for IV DC (fir, hornbeam, aspen) and V DC wood (hornbeam, aspen). Factors 1 and 2, distinguished through a PCA analysis, explain 41.14% of the variance of the analysed wood properties. Factor 1 was associated with the enzymatic activity and microbial biomass of C and N. With regard to factor 2, the high value of factor loading was held by the lignin content in wood ( Fig. 1) . Figure 1 demonstrates how the tested wood differs in terms of its chemical and biochemical properties. Fir wood was differs strongly from the remaining species. Alder, aspen and hornbeam wood were characterised by the highest enzymatic activity.
Influence of deadwood on soil chemical properties
In soil under the direct influence of decaying wood, a higher C and N content was observed relative to background soils (Table 3) . As wood decays, C accumulation increases in the soil directly under logs. A noticeable increase in C content with the decaying class was recorded for all the remaining tested species. An increase in pH was observed in the case of soils under the direct influence of logs at a higher decay class. Moreover, deciduous wood had a more favourable influence on soil pH compared to fir wood.
Influence of deadwood on soil biochemical properties
The highest DH activity was recorded in the soil collected under hornbeam logs in IV and V DC; The highest activity of β-glucosidase was marked in soil under alder and hornbeam in IV DC. Urease exhibited higher activity in soil under alder and hornbeam logs in V DC (Table 4) . The least significant effect of log decay on the biochemical properties of soil was determined in the case of wood in III DC. The clear influence of deadwood on the analysed biochemical properties of soil can be seen in In the case of β-glucosidase, the strongest stimulatory effect occurred under alder and hornbeam logs (at IV DC); With regard to the UR, the greatest increase in activity was determined in soil under hornbeam, aspen and alder logs in V DC (Table 4) . The results of soil properties showed variability ranging from low and moderate for chemical properties to high variability for biochemical characteristics, especially activity of β-glucosidase and MBN (Table 4) .
Results of the GLM analysis (Table 5) indicated that several factors influence the differentiation of DH activity, such as distance from decaying wood (P = 0.000), tree species (P = 0.001) and decay class (P = 0.021). In the case of β-glucosidase activity, the distance from wood was most significant; For UR, wood species is the most significant factor. Moreover, MBC and MBN in soil were depend primarily on the distance from the logs, as well as wood species (Table 5 ). In the case of C in SOM fraction, the GLM analysis indicates the influence of deadwood decay class. Carbon in the SOM fraction is determined, to a lesser extent, by the species of deadwood (Table 6 ). Factors 1 and 2 explain 61.32% of the variance in the analysed soil properties. Factor 1 was associated with the enzymatic activity and microbial biomass of C and N. In factor 2, high values of factor loadings characterise the C of various fractions of SOM (Fig. 2) . The agglomeration analysis results prove that the analysed biochemical parameters are different between soil under logs in advanced DC (IV and V DC) (Fig. 3) relative to soils in III DC and background soils. Combined grouping of locations representing III DC (under the wood) with control sites indicate the considerable similarity between them in terms of the analysed characters, thus the low impact of decomposing wood in III DC on soil found beneath.
Influence of deadwood on SOM fractions
The conducted research confirms that the increase of C content in soil directly under logs in subsequent DC is the effect of C transfer from the logs, as exhibited by the change in lignin content of the tested wood (Fig. 4) . The SOM fractions content across the study variants showed considerable variation. In the fraction composition of organic C matter in soil under decomposing logs, the highest significance characterised C of free light fraction (C fLF ). The amount of this C is highly diverse under logs: in III DC 13.0-131. (Table 7) . Carbon of occluded light fraction (C oLF ) and Mean ± SD; C-carbon content (%); N-nitrogen content (%); BC-base cations content (%);DC-decay classes (III-IV). 3.9 ± 6.7 mineral associated fraction (C MAF ) was less common (7.1-41.2 g . kg −1 and 3.9-53.9 g . kg −1 , respectively). Nitrogen in the tested SOM fractions was also highly diverse: nitrogen of free light fraction (N fLF ) constitutes 0.6-6.6 g . kg −1 (under logs in III DC), 1.7- (Table 7) . The content of occluded light fraction C (C oLF ) in soil under the logs in subsequent decomposition classes was variable. The largest content of mineral associated fraction C was found under IV DC (hornbeam, alder) or V DC logs (fir, aspen). The C and N of free light fractions correlated to the enzymatic activity and microbiological biomass of C and N (Table 8) . Moreover, mineral-associated fraction C correlated with the activity of β-glucosidase and the microbial biomass of both C and N. Furthermore, free light and mineral associated fraction C correlated with DH activity (Table 8) .
DISCUSSION
We recorded an increase in the biochemical parameters of soil located directly under decomposing logs in comparison to background soils. Thus, decaying wood clearly influences the activity of soil enzymes and MBC and MBN in soil under the logs. This is likely due to an increase in N and P content. Wood species that are richer in N and P greatly improve the quality of soil detritus (Piaszczyk et al. submitted) . Moreover, increased SOM accumulation can lead to increases in the activity of extracellular enzymes, by providing a wider range of C and N substrates that can be accessed and utilised by a variety of soil microbial groups (Cenini et al. 2016) . Phosphorous is source of energy for soil microorganisms (Cleveland and Townsend 2006; Zhao et al. 2017) . The determined increase in enzymatic activity in the soil located under deadwood is in accordance with the extant literature (Błońska, Kacprzyk and Spólnik 2017a) . The increase in enzymatic activity can be associated with the transfer of deadwood decomposition products to the soil located directly beneath it. Changes in the activity of soil microorganisms, as well as changes to their qualitative and quantitative structure in the soil directly under decomposing wood have been confirmed by Angst et al. (2018) and Bani et al. (2018) . The forest ecosystems is complex and the variability of soil properties is affected by many factors. In our study large variability detected in the studied biochemical properties, especially activity of β-glucosidase and MBN could be related to environmental factors not included in the research. The soil mixing invertebrates under deadwood logs are responsible for the biochemical properties heterogeneity by providing components necessary for enzymatic reactions.
In study soils large and diverse fungal biomass in the form of the hyphal cords used for nutrients translocation were observed. Additionally, roots are the key component of the underground part of forest ecosystem and source of SOM (Janssens et al. 2002) . Kotroczó et al. (2014) believe that roots and their exudates change enzymatic activity. The present study demonstrates the significance of the progress of the deadwood decay process and deadwood species in the formation of soil enzymatic activity. In certain cases, the increase of the tested parameters was greatest in soil under logs in IV DC, while it decreased in soil under the most decomposed logs (at V DC). Such regularity was found for β-glucosidase activity under deciduous wood, as well as for DH activity. This may be due to the intensive release of wood decomposition products, which stimulates the development of microorganisms in soil under the logs. The study conducted by Lasota et al. (2017) demonstrated that the leachate originating from the wood of selected tree species (in particular, birch, aspen, hornbeam and alder) is rich in phosphate, nitrate and ammonium ions, and their release may be very intensive already in III and IV decay class. Less easily degradable substances accumulate at the highest wood decay class (lignin, polyphenols) (Ganjegunte et al. 2004) , which may lead to reduced microorganism activity relative to the preceding stages of its decomposition. In our study, in wood at the highest decay class (V DC), on average, we were able to determine approximately 10% higher lignin content relative to wood in III DC. In the conducted study, β-glucosidase activity is found to be associated with high activity of wood decomposing fungi. The relationship between this enzyme and fungal activity was demonstrated in a study conducted by Esen (1993) . Kahl et al. (2017) have further confirmed a positive correlation of wood decay rate with enzymatic activity and species diversity of fungi colonising wood. According to these researchers, the wood of more easily degradable species is colonised by a larger number of fungi, with diverse biochemical capacities, which may result in higher enzymatic activity. Species that are more susceptible to degradation include those without heartwood and those with a lower content of secondary metabolites. In the conducted study, none of the deciduous species (hornbeam, alder, aspen) possessed heartwood and the enzymatic activity in the wood of these species was markedly higher than for fir wood. Coniferous wood contains toxic substances that limit the number of organisms in the decomposing wood (Harmon et al. 1986) , which can affect the quality of detritus delivered to the soil. According to Kögel-Knabner (2002) , deciduous and coniferous species differ in the quality of hemicellulose, lignin degradation and presence of resins.
Fractions of SOM clearly exhibit the influence of decomposing wood. As decay progresses, the share of individual SOM fractions changes. During decomposition, deadwood provides soil with large amounts of a free light fraction of SOM, which tends to accumulate under the logs of the studied deciduous species, i.e. hornbeam, alder and aspen. The obtained results confirm the validity of the second hypothesis, that SOM free light fraction is more sensitive to the influence of decomposing wood than SOM mineral-associated fraction. Similar results confirming the favorable impact of decomposing beech wood on the amount of SOM free light fraction were obtained by Wambsganss, Stutz and Lang (2017) . Błońska, Lasota and Gruba (2017b) , have noted the similar influence of different detritus inputs from trees on the stabilisation of SOM. Furthermore, Kim et al. (2017) have demonstrated that the presence and decomposition of coarse woody debris effects C accumulation and C spatial heterogeneity in forest soils. The increase in occluded light fraction (oLF) C was observed in subsequent wood DC. Free light fraction, since it is easily degradable and requires only a short circulation time, is used to indicate changes or disturbances in the amount of litter input (Crow et al. 2007; Krueger, Schulz and Broken 2016). The present study also notes an increasing tendency in SOM mineral-associated fraction C content. The transfer from free light fraction to a stable mineral-associated fraction pool requires a considerable amount of time (Golchin, Baldock and Oades 1997) . Thus, the amount of time necessary to complete the entire process, from the start of deadwood decomposition to the sample collection, may be insufficient to assess the effect of deadwood decomposition product release on the stock of SOM mineral-associated fraction. According to Schulze et al. (2009) , SOM mineral-associated fraction is believed to last the longest period of time: >1000 years. According to Błońska, Lasota and Piaszczyk (2018) , considerable amounts of DOC have been released from the deadwood of tested species into the soil. Upon penetrating the mineral humus horizon, it is complexed by fine loam and silt fractions (Gruba et al. 2015) . The stabilisation of SOM occurs via three processes: chemical processing of organic compounds, formation of spaces unavailable for microorganisms, and strong attachment of organic matter to the surface of minerals (Lützov et al. 2006) . The mineral associated fraction, due to its strong association with mineral substances, is hardly available to microorganisms living in the soil, which immobilises it and protects it against decomposition. Our results confirm observations from the preceding research; Indeed, analyses of SOM fractions can be used to assess the stability and circulation of SOC in various forest ecosystems (Kaiser and Guggenberger 2003; Ma et al. 2014; Schnecker et al. 2016) . The obtained results indicate the possibility of using SOM fractions to assess the distribution of C between deadwood and soil.
CONCLUSIONS
The conducted research supports the research hypotheses. The chemical and biochemical properties of wood changed as decomposition progressed. The observed increases in DH, β-glucosidase and UR are the effect of the transfer of deadwood decomposition products to the soil directly under the logs. This is due to the fact that wood decomposition supplies soil with fresh and easily degradable organic matter. Decomposing wood has a substantial impact on the increase of C and N of SOM fraction, with a particularly strong increase in SOM free light fraction. The present study further demonstrates the increase in SOM mineral-associated fraction C content. Among the analysed species, hornbeam, alder and aspen wood had a positive impact on the biochemical properties of the soil, especially the activity of soil enzymes. The results of this study indicate that chemical compounds of hornbeam, alder and aspen wood, had a positive effect on the quantity and quality of SOM fractions.
